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Reflection of Electromaygnetic Waves from Sound Waves
by
H. J. Schmitt o
Cruft Laboratory, Harvard University

Cambridge, Massachusetts

Abstract

~—E>The reflection of electromagnetic waves normally incident .,
on the wavefronts of a semi-infinite standing sound wave is
discussed. By analogy with the Bragg reflection in optics, a
maximum reflection occurs when the wavelength of the electro-
magnetic radiation in the sound perturbed region is twice the
acoustic waveleangth. Since the reflecting planes of maximum
sound pressure disappear periodically, the reflected electro-
magnetic signal is modulated with the sound frequency. An
experiment is described in which the Bragg reflection of 3 cm
electromagnetic waves from a standing sound wave beneath a
water surface is observed. g

——

Introduction

With the advent of ultrasonic techniques numerous investigations have
been made on the transmission and diffraction of light by ultrasonic waves
[ 1]. Basically a sound disturbance produces a loca! variation of density and
temperature ‘n the medium of propagaticn. This in turg' gives rise to a
variation i\ the complex refractive index of the material and thus iafluences
the phase, direction, frequency and amplitude of an electromagnetic wave
traversing the sound-perturbed medium.

In the original Debye-Sears experiment [ 2], Fig. 1, a plane acoustic
wave is approximated inside a liquid filled ruvr.tte, and light is incideat in
a direction parallel to the acoustic wavefioi:ts. The optical path length for
light rays traversing regions of high acoustic pressure is larger than for
rays in regions of pressure minima, so that at any instant of time the light
wave has a certair =t5se distribution when leaviag the cuvstte. In this
geometry the acoustic wave acts esseantially as a diffractiag "phase grating,'

el
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except that the grating is constantly moving with the velocity of sound.
Hence, in all diffracted orders, a fregucency shift of the light wave is
observed due to the Doppler effect [ 3]. If the experiment is carried out
with a standirg acoustic wave the diffraction grating disappears period-
ically so that an ambplitude modulation of the transmitted light also occurs.
It was obeerved later [ 4,5], that for slightly oblique incident light a
pattern which can be interpreted as a selective Bragg reflection from the
acoustic wavefronts is superimposed on the normal diffraction pattern,
Fig. 2. Roughly, the electromagnetic radiation has a wavelength per-
pendicular to the sound wavefronts of )‘.llinht which for small angles

of incidence ¢ and very high acoustic frequencies can be comparzble to
the distance of the pressure maxima in the sound wave. In this case the
addition of phase of waves reflected from subsequent "layers' can occur
and give a substantial overall reflection, even though the variation of the
refractive index may be extremely small, as is the case in all media for

reasonable sound intensities

If the wavelength of the electromagnetic radiation is increased to
about the micromave range or the UHF range, acoustic wavelengths and
electromagnetic wavelength inside the medium of propagation can be made
of the same order of magnitude even for low ultrasonic or sonic frequencies.
Because of the wide choice of the ratio of acoustic to electric wavelgngth,
the Bragg reflection can be made to occur at any desired angle of
incidence. The particularly simple case of reflectior of short electro-
magnetic waves normally incideat on the plane of the scund wavefroats
is treated in this report. Here the Bragg reflection of electromagnetic
waves from sound waves is undisturbed by diffraction phenomena and
can easily be observed experimentally, If the sound generator is in a
liquid and directed toward the interface between liquid and air, a standing
sound wave is produced owing to the large difference in the acoustic
wave impedances of the media. An electromagnetic wave incident from

‘The propsagation of light in the sound perturbed medium can be thought of
as a sig-sag reflection under Bragg's angle, similar to the propagation of
electromagnetic waves in hollow waveguides,
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Fig. 2, Bragg reflection of light from sound waves,
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the air is partially reflected at the interface where the electric wave
impedance is discontinuous and partially reflected in the form of Bragg
reflection from the standing sound wave. Since the pressure maximum
in whick Bragg reflection occurs disappears periodically, this part of the
reflections appears as a2 modulation of the reflected electromagnetic signal.

Theorz

The geometrical arrangement considered is sketched in Fig., 3.
At z = 0 is a plane interface between a liquid or any other acoustically
hard material (solid) and an acoustically soft material like air. A souand
wave of frequency fA = wA/Z-.r and wavelength L Zw/l(A propagating
in the -z direction is assumed to be ideally reflected at the boundary and
to set up a2 standing acoustic wave in the liquid. The liquid is assumed to
have a vanishing small acoustic absorption so that the instantaneous
distribution of the sound pressure is given by

P = ZPg sin KAr. ainuAt (1)

Consequently the instantaneous distribution of the dielectric constant in

the liquid medium is

¢ z(z.t) = ¢ o(‘rZ + A;tz sin KAz sin wAt) (2)

where the dielectric constant of the unperturbed medium « r2 and the small
perturbation due to the sound wave “rz can both be complex, owing to
possible absorption of the electromagnetic waves. The relation between
h‘_ 2 and the sound pressure itself poses a separate

(]
r2 is of the
¢ r2

qpbl m which is
discussed later. It is sufficient here to note, that ]

order of 10™*# for even the highest sound intensities.

From the region 2 £ 0 with a real dielectric constant €18 plane
electromagnetic wave of frequency f = w/2w and frec space wavelength-
A, = 2%/p

o o

E inc.
x

E “‘x“‘ - "Ort-i’ ')
2]
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impinges normally on the interface. The part of the electromagnetic

signal reflected from the liquid medium will be computed by solving the
wave equation in the slightly inhomogeneous medium 2 and subsequently

satisfying the boundary conditions at z = 0,

From Maxwell's equations in a charge free liquid medium,

= s

v ' B-= 0
V D=2ev "E+E - ve 20 (3)
The wave equation may be derived in the following form:
22 BV 2%« B) |
-V E +v .._..:.__.___,, =2 - -—2-—- (4)

ot
With the analysis restricted to a linearly polarized wave E 2 ?;Ex

and H = 9Hy it is seen that'
E-ve=0 (5)
In the absence of the sound perturbation the electric field in the liquid
has a harmonic time dependence of the form ejm. If the acoustic
perturbation is present the electric fierld must show in addition a peri-

odicity according to the sound frequency, so that in general

E = E(z,uAt) ot (6)

Siace, however, in all cases considered the frequency of the acoustic
wave is much smaller than the frequency of the electromagnetic wave,

wA/u <K 1, both ¢ = c(uAt) and E(z,w At) are slowly varying fuactions with

respect to time compared to the term ej“t. They can be considered

constants under the differential on the right side of (4). The scalar wave

equation in the iguid region is thus simplified to

BZE(z,wAt) 2 2
—y— + (K™ + AK” sin KAz) E(z.uAt) =0 (7)

where KZ = Uzp. €, €02 and AKZ 2 uzp €, A, .inwAt

-—p
l"'I‘Ml terni does not drop out for oblique incidence, when E lies in the

plane of incidence.

B N At ]
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The solution of thiw equation will be carried out by a first-order perturba-

tion method, which is based on the fact that the perturbation term in (7)

Al\z sin KAz is a very small quantity comppared to the square of the propa-

gation constant in the unperturbed medium Kz:

Al(z - A‘x-z

K

sin uAt «1
‘r2

The solution of the wa ve equation is set up in the form

-jKeg

E(z,w,t) =Ee [ *l(l,‘w‘\t)} (8)

where g(z,w At) denotes the perturbation in the electric field due to the
sound wave. The insertion of (8) in (7) yields the following differential
equation for g(z,w At):

8" - zjK‘l = - AKZ sin KAZ (1 "‘g’ (9)

Here the perturbation term g(z,w,t) may be neglected in a first-order
approximation on the right side as long as g(z,w At) {{l. The remaining
second order differential equation is solved, in the stationary case, by

AK 2iK
(z,w,t) = (-&- cos K,z - sin K, x)
B TA . xAz A A A (10)

The final expression for the electric field in the sound-perturbed medium
is obtained by combining (10) with (8) and (6).

2
E = xEe)Ot-Ks)p) &K (zls-cool( z - sin K, 1))
* 5t [ aKS - K2 KL *A A A1

This solution is valid for all K except for values in the immediate vicinity of
41(2 - Kkz = 0, for which the wavelength of the electric field in the medium
is exactly twice the acoustic wavelength. Here the condition that g(z.,w At
must be small compared to unity is not fulfilled and the electric field
apparently blows up. * It should be noted that this can only occur if the
liquid medium is lo?h ss for electromagnetic waves. In view of the very
small valus oflég-l even extremely low electric loss tangents of the liquid
medium in the order of tm6~10'4. as always encountersd in prictice, will

* This infinity appears also in the thecory of traveling wave tubes, when small
periodic inhomogeneities on the delay line are considered.
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prevent the singularity. The magnetic field of the eleciromagnetic
wave in the liquid medium is obtained from: (3), again with the under-
standing that w A K w,

OE(z.wAt)
:9 ;‘L‘“ ——’i—— e

=P Jb‘ _9

where Z.z is the wave impedance in the unperturbed medium Zz = ‘-‘K‘" .
The distribution of the field in the sound-perturbed medium is that of a
propagating wave, modulated in space with a periodicity given by the

acoustic wavelength,

At the boundary between the two semi-infinite media, at
*
z = 0 , the condition of continuity of the tangential electric and the
tangential magnetic fields have to be fulfilled. The following amplitude

relation for the electric field strength of the reflected wave

jlue + 8 z)
E: = Er e frl is obtained
E +E_=E [1+2wsin uAt]
z, x? . k% W
E_ - z—-Et[1+——z——1‘nnw t] i (2, + O‘”) (13)
where the abbreviation is used
2, .
K AK™/sin w,t A, K/KA
GRS Sullime s sl B (14)
A 4K" - KA r2 4- (K/KA)
The reflection factor is obtained from {13) as follows:
A VA K, 2
2 2 A .
Er (Z--l)+n[227-(2-(-x—) )] lanAt
ol T t X, 2 (15)

(o]

(z- 41)4\[22— +(Z-(-K~) )] -:noA

‘The effect of possible surface movements is discussed in a later section.

-
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Finally, since v is a small quantity whenever (11) and (12) are valid,
the reflection factor may be expressed by the leading terms of a

Taylor series inq.

z z. K, 2
(z-f-l) zz-f(-é)
s-z-—-——+—z—

: (2+l) (z+l)2'
z Z,

M sin w,t (16)

It is seen that the reflection factor reduces to the usual expression for the

reflection of plane electroma;netiAc‘ waves at the interface 9f mediugn 1 and
. . r2 ] j®_, %2 2
the unperturbed medium 2 if n = %2 =2 0: r(?\a 0:!:0\ e -(z-i - ”/(zi +1).
The presence of the sound wave is expressed in the second term which

is due to a type of Bragg reflection from the equidistant plane '‘'layers"

of increased refractive index in the liquid medium.

Since the sound grating disappears periodically the reflected
wave has the well-known form of a weakly modulated signal. The

amplitude may be written
Eron(ro+Moin ut)xEoro(l+moinuAt) (17)

wheir e

Z, K, 2
2
G 2

M M
To Ir|e ( 2) 1
Z'i -
bera

is the modulation index. It is proportional to 1-;—- and therefore
extremely small. In the particular case in which ¢ r2 i8 real, the
modulation index is purely imaginary and, in a first approximation,
the reflected signal may be considered to be phase modnhtod‘ .

In the general case, for a lossy medium, m is complex and the re-
flected signal is modulated in phase and amplitude. From a practical

‘If desired, the phase modulation may be converted into amplitude
modulation by shifting the carrier 90 degrees in phase.
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point of view the field strength in one of the two side bands of the
modulated signal is interesting. In an experimental investigation
the reflected wave can be received in a superheterodyne system and
the field strength in the side bands (i.e., at angular frequencies
w+tw, OF - “'A) detected directly. Its intensity can be used as

a quantitative indication for the Bragg reflection. The instantaneous
value of the glectric field strength in the reflected wave at a fixed
point in space Kz = const. =€ is obtained from (17).

(B 0. * R, {Eo Iz | Jlwt +1 +é) E.°|N| sinw,t et +T + ) (19)
The first termin(19due to normal interface reflection, constitutes
the carrier. The second term, due to internal Bragg reflection,
represents the side bands. The normalized field strength in the side
band is
E’ ;E ‘l;?' ‘:rz
et | = B - | (20)
° (zf +1) [a- (-KA-) ]

Discussion

The reflection of the electromagnetic signal from the standing
sound wave is mainly a function of the ratio of the propagation constant
of the electromagnetic wave to the propagation constant of the acoustic
wave, or roughly, a function of the ratio of wavelengths. For a
discussion of this behavior and its dependence on the loss tangant of
the liquid medium, that is, on the penetration depth oi the electro-
magnetic wave into the sound perturbed medium, two particular cases
have been investigated in mcre detail. In both cases it is assumed
that the electromagnetic wave impinges from air (e el > l)ona

medium characterized by a complex uielectric constant

€2 c' -jc" = c.(l - j tan §)

In the first case a value of ¢ = 2, roughly corresponding to
oil, is assumed and different loss tangents for the electromagnetic
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zadiation (tan §=0, 0.01, 0.1, and 1.0) are chosen. The response

due to Bragg reflection has been computed as a function of \o and
*a

is plotted in terms of the relative variation in the dielectric proper-

ties ‘ ry rzz‘in Fig. 4. It is well known from optics that a Bragg
r

reflection occurs, whenever the distance between subsequ >nt reflect-

ing layers is equal to one half of the wavelength of the incident light.

It is seen in Fig. 4 that the maximum of the modulated part of the

reflected signal lies, for small loss tangents, at "o =2.82,i.e.,
X A

the electric wavelength in the mediumwv—2 == ig exactly twice the
€

acoustic wavelength, corresponding to the usual optical Bragg
condition. However, and differing from the sslective reflection at
subscquent planes, a Bragg reflection also occurs if this condition

is not exactly fulfilled, although with smaller amplitude. A similar
effect with reference to the Bragg reflection as a function of the angle
of incidence of light on acoustic waves has been pointed out by
Extermann et al. [ 5]. It is attributed to the steadily varying distri-
bution of the refractive index in the sound wave. Also, owing to the
sinusoidal variation of the dielectric constant, no higher orders

of the Bragg reflection occur if the distance of sound maxima is a
multiple of half the wavelength of the electromagnetic wave. In
optics Bragg reflection is assumed to occur from thin reflecting
planes. In this case the perburbation function ax? ein K AS On the right

side of (9) would be replaced by the Fourier representation of a pulse
function

ax? ) C_sin(nK,2)

which leads to the correct Bragg relation for the particular wavelength
ratios at which the selective reflection occurs

Z\A " ""light (for normal incidence.)
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For the sinusoidal distribution of the dielectric constant, the homo-
geneous decrease of the Bragg-reflection with decreasing ratio xo

*a

can be made plausible by the fact, that the gradient of the variation in
dieiectric properties decreases steadily in terms of the wavelength of
radiation. If the electric wavelength is mmde large compared to the

acoustic waveiength, the Bragg reflection decreases because the per-
turbed medium - becomes more and more homogeneous in character.

It is seen that the maximum reflection also decreases steadily

with an increasing loss tangent of the medium 2. This can be explained
in terms of the penetration depth, since for higher loss tangents fewer
"layers' of maximum acoustic pressure take part in the Bragg reflection.
However, even for the extremely high loss tangent tam §=],there is still
an indication of a weak maximum for the reflected signal. For a loss-
less medium,tand= 0, the perturbation methodA‘il not valid in the immediate

r 4 the condition

-‘—-—-—=1°

r

vicinity of the peak (actually infinity). With

glz,w At) €€ lis still satisfied within the range of this drawing, and the
response should be accurate as far as plotted. The infinity is due to the
unphy sical assumption of an infinite number of subsequent regions of extreme
pressure that contribute to the build up of the Bragg rcflection.

In the second case a situation easily achieved in practice is
condidered. The standing sound wave is set up belov a water-air surface.
To perm'’ a later comparison with experiment, the lielectric properties
of water in the microwave range are used for the computation, and it is
assumed that the variation in "o ia achieved by changing the acoustic

‘a
frequency ‘. The dielectric properties of fresh water have been determined

‘If the frequency of the electromagnetic wave is changed it has to be
noted that the dielectric properties of water change with frequency, showing
the typical behavior of a relaxation process.
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by Saxton [6]. At arcund xo % 3cm (X- band) the measured values

are approximately

These values depend only very little on s<lt concentration since the
electrolytic conduction by ions is practically zero at microwave frequencies.
The computed response is plotted in Fig. 5 again as a function of free
space electric wavelength over acoustic wavelength. It shows essentially
the same maximum if the Bragg condition Z‘_‘{,.zx Ai' fulfilled. The
J&

reiative field strength in the sideband is somewhat less than for a medium
with a smaller real part of the dielectric constant and a comparable loss
tangent, owing to the smaller ratio of wave impedances Z z/Zl in Eq.. 20,
Note, however, that the ordinate contains the relative variation of the dielec-
tric constant which is still undetermined and is different for different materi-
als, for a given sound pressure.

The question, whether the Bragg reflection can be observed experi-
mentally, depends entirely on the change in the dielectric properties of the

liquid produced by the sound pressure. Let R denote the specific refraction
of the ligquid medium. Then the Lorentz-Lorenz relation states that

-1

[ 4
rd 1
R==S77 5 (21)

It is known, [ 7], that R is a constant for any given wavelength of electro-
magnetic radiation and widely independent of the density p , the state of
the material and the chemical binding. Hence, for a varying density,

ac = 82 (‘rz-l)(‘r2+2)
r2 oo A
3"‘1'2-1)7»2

(22)
Since the relative variation in density is always small in liquids and

solids, the term (¢ 2" 1) %—m&y be neglected in the denominator in order
to linearize the equation. For gases, where eg-may be large, the difference

(¢ p2" 1) is always small, so that this step is also justified in the gaseous

TIPSR
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state. The adiabatic change of the density of the medium due to acoustic

pressure may be computed directly from the sound velocity €A

2, .
(-5%)“- z (23)

A * ‘&\pad.

For the relative variation of the dielectric constant one obtains with (23)

A¢ ., (‘r2°l)(‘r2+z)
~te| = ﬁz (24)
ty2 pPCaA 3‘:r?. '

where Apis the amplitude of the acoustic pressure in a pressure maximum
of the standing wave*.' It should be noted, that in this relation ¢ r2

s assumed to be independent of temperature. The relation takes into
account only the effect of adiabatic compression, not, however, eventual
effects of rising temperature in an adiabatic compression on the

dielectric properties. Such effects may be superimposed and must be
treated in a separate way. For water the iemperature dependence of

€2 is small, however, at microwave frequencies.
]
For the reflecticn of microwaves from a sound wave (¢ = 60,
¢ = 30, at xo = 3cm) a numerical estiinate yields for the relative

change of €2

Ae
—F2] = 3120107 (p= 1032K cp - 1838 2
r2 m
if an acoustic pressure of 1/3 atmosphere = 9.81/3 x 104 Kg/m sec.

is assumed. With this value the field strength in the sideband of the
modulated signal, in the maximum of the Bragg reflection, iz approximately

0

E.

r At'rZ
B
o

€r2

=3.12- 1074

= 0,1

- - ) w -

*A different way has been used by Fox et al. [ 8]. Th~v derived the
change in conductivity of salt solutions due to an adiabatic sound compres-
sion by comparing the empiric values of the isothermic dependence of the
conductivity on pressure at two different tengperatures. With a separate
computation of the temperature rise in the adiabatic compression, the
temperature effect could be added to the effect of isothermic compression.

1
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That is, the intensity in the sideband is about 70db below the iatensity

of the incident wave. This should pose no seriou: difficulty in an experi-
mental oboervation‘. 'The corresponding value in a {airly lossy oil with
¢. = 2andtang=0.0lis

m
E: ¢ , -4 ca = 1420 552
E— = 11,56 =1,.49 10 3 X
o “r2 p = 0.835 10 l-m-lg

It should be noted, however, that this analysis assumes perfectly plane
acoustic waves as well as plane electromagnetic waves. These
conditions are never fulfilled in experiments and can be a serious limita-
tion on the detectability of the reflection. Furthermore, no acoustic
losses have been assumed, but this is probably of lesser importance.

Experiments

In order to demonstrate the Bragg reflection from sound waves,
a preliminary experiment was carried out in which the back scattering
of microwaves with a 3. 2cm free space wavelenglh fxrown & standing sound
wave under the air-water surface was observed. Although, with an
acoustic frequency of 60 Kc/sec for which equipment was readily avail-
able, the condition of maximum Bragg reflection was far from fulfilled,
a modulation of the reflected electromagnetic signal could still be detected.
The system used is schematically lke‘tshod in Fig. 6. A photo -
graph is shown in Fig. 7 A steel watertank with the dimensions
1.54x 2.13x 0. 7% m3 contains a magnetostrictive underwater sound
transducer with a circular aperture of radius 8.3 cm. The transducer

-------

*®
Assuming an illumination of the water surface with | \Vatﬂmz.thc intensity

in the sideband of th: reflected wave will be approximately 10" Wattllmz.
Even with a small absorption cross section of the receiving antenna of
10"%m?® the received power is of the order of 10°7 Watts, which is well

above the limit of standard superherterodyne receivers.

**Thanks are due to Professor F. Hunt and Dr. H. Flynn for providing
the acoustic facilities in Cruft Laboratory.
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hzs a resonance frequency around 60 kc/sec. It is fed by a 200 Watt
radio frequency oscillator which can be eifher pulsed in various repeti-
tion rates or operated in c. w. The oscillator ie continuously tunable

in a wide frequency band cavering the 60 kc/sec region. The iransducer
ia directed against the water surface and produces a standing sound wave
in which planes of pressure maxima, at any instant of time, are ApA = 2. 56cm
apart. The depth of the water filled section is about 60 cm. It is chosen
in such a way that the acoustic '"resonator’’ formed by the water aurface
and the aperture of the transducer is not in antiresonance. Clearly,

the water-air interface is not in the far sone region of the sound source,
and thus the actuai distribution of the acoustic field approximates a
plane wave configuration only in a narrow region above the speaker. In
addition, reflections from the side walls of the unlined tank may perturb
the pressure distribution. The maximum acoustic pressure generated

in the standing wavea is estimaied from

1
(Ap)atm. =2- 1,24 (F)*®

where F is the acoustic power in Watts per cmz [8]. With an effi-
ciency in the order of 10% and 200 Watts electric power, the pressure
is of the order of 0. 75 atm, probably somewhat lower, so that the

- 2 nsed in the discussion of the theoretical
r2

results should apply approximately.

numerical values for

The electromagnetic system consists of a 2 resonator klystron
(Varian X 21b, )‘o = 3, 2cm) with an estimated output of 2 Watts in the
particular mode of operation. The c.w. microwave energy is fed
through a variable attenuator and a tuner into a magic T (M in Fig. 6),
where it is separated into two parts in the equal branches of the T.

It is radiated from one branch by a rectangular horn antenna (aperture
9.5x 15 cmz), directed toward the water-air interface. The antenna is
rigidly mounted at a height of about Im above the water level and in line
with the sianding acoustic wave. It alsc serves to receive the modulated
signal reflected from the water. In the second branch of the T a fixed
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waveguide load in connection with a sliding screw tuner provides for

any desired amount and phase of reflection of that part of the microwave
energy that is traveling into this side. The output branch of the T

leads directly througk a crystal demodulator into a tunable radio frequency
receiver type CFT 46154. The receiver has a sensitivity of about 10'8
volts at 60 kc/sec for the minimum detectable signal.

In this arrangement the detecting system operates as a simple
demodulator with a subsequent high amplification of the modulating
signal. The only difference is that in view of the small modulation index
the main part of the carrier frequency has tg be cancelled out in order to
avoid the overloading of the crystal. A further difficulty arises in the
fact that the reflected electromagnetic signal is modulated in both ampli-
tude and phase. In order to maximize the r:sponse after demodulation,
it is necessary to convert the phase modulation into amplitude modulation.
This can be achieved by adjusting the cancelling signal from the auxiliary
arm of the magic T in such a way that the total carrier sigaal at the crystal
detector has the proper phage relation. With (19) it foilows thai the
instantaneous value of the totai ¢lectric field at the crystal is

(E ) = const. [JR| cos (wt + € + ) + IMl sinw

r'inst. tcos kot +¢ + ¥ )] (25

A

where |R| and é contain the contribution in amplitude and phase to the
carrier frequency by the signal reflected from the interface and the
signal reflected from the auxiliary branch of the T. If a square law is
assumed for the detector, the response to the voltage across the detector
at the modulation frequency is

u (uAt) = const. |Ml| Rl cos (¢ - @) linwAt (26

It is seen that the response is optimized if § = §, i. ¢, if (25) bas the

form of a purely amplitude-modulated signal. For relative measurements
this detecting device is sufficient if, for example, the acoustic {requency
is changed. An absolute calibration appears to be difficult and has not
been attempted.

After a proper tuning of the cancelling signal and a careful
check of other obvious disturbances, like electric cross coupling between
power oscillator and receiver and microphonic effects in the kiystron,
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the modulation of the reflected slectromagnetic wave by the sound wave
was clearly observed on the oscilloscope. In spite of the unfortunate
ratio of electric and acouatic wavelangth (xo = ]. 25, instead of the optimal

R SR N A
ratio of 17, Fig. 5) the response on the scope was about 20db above the

noise level, produced mainly by the klystron and in part by the receiver.
The magnitude was the same for pulsed sound waves as for the steady
standing wave. The tffect ceuld be disturbed by producing additional
waves on the water surface, which would tend to change the proper
cancellation of the carrier, and it would vaaish completely, if the sound
source was moved from the location directly undarnaath the horn anienna
or tilted in cny other direction than straight up, without changing the

water surface.

The argument might be raised, that the modulation of the reflected
electromagnetic signal could aiso occur in the form of a phase modulation
from the microscopic movement of the surface. The amplitude with
which water particles oscillate at the interface is given by

A = —--QL

pC (™) A
if AP is again the maximum sound pressure in the standing sound wave.
This produces a phase modulation of the electromagnetic wave reflected

directly from the interface. Neglecting the term due to Bragg reflection
in this calculation, the reflected signal may be written in the form

Z

2 2xA .
z—--l j(ut+p°=*-§-— llnuAt) et +p z)
E:n E z-i—-— e ° zzo\ro\e:"e “tPo (1 +j-zi!-A-oinwAt)
+1 °
Z, (27)

It is seen that the reflected signal in this case also contains side bands

atw tw, and w - @,. The normalized field strength in a side band

follows from (27)

E* r A
r 1 2wA , v Ap ‘ o‘ A% A
o] surface "z \o !r°' ) PCWAN, \ro"‘ “ PCp ©

e e ki Wt LA
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Taking the wavelength ratio for maximum Bragg reflc«tion from water
A
(r‘—’ = 17), and assuming again AP = 1/3 atm. one obt::ins, with ’r°|c G. 785,
A ;
s

E
r

=3.2. 1077
ol surface

which is about a factor of 103 smaller than the correpending modulation
due. to the Bragg reflection. Since for a given wave (s 1nth 1 atio | 28)

is widely independent of the frequency, it can be concluded ' 4t thc

Bragg effect is always larger in water than the effec: of surfice move-
ments, u*long As one operates at a ratio close to the maximum of Bragg
Even in the situation encountered in thi axpsrimental test,

reflection .
whare x1: = 1, 25, the sideband levei due to surface noveinert:s
TA
E’ 10 |
3 =1.33:10""" & '
o jsurface :

is smaller by a factor of more than two than the co: reaponding value

from the Bragy reflection

E"
r
E
o
Thus the assumption that the response observed ex zrimentally realiy

originates from the interior of the liquid medium i justified.

22,96 10710 o

In some earlier experiments a modulation v.as also obtained if
an oil layer of about lcm thickness was brought on top of the watar surface.
However, no comparison of the r¢aponse from watur and oil bar besn

attempted yet.
Conclusions

Judging from the results of the approximat : theory, #s well ay
from the preliminary experiment, it appears to be relatively suny to '
demonstrate and measure the interaction of acousiic wave#a with alsctro-
magnetic waves through a type of Bragg reflection Clearly, additionai
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experiments 1re neaded to verify the existence and shape of the
predicted maximum of the sifect of seund waves on the reflected signal,
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